Abstract. Nonequilibrium processes in Knudsen layers in the vicinity of evaporating and condensing surfaces are considered. Results of the previous publications and some new data were used in the presented analysis.
INTRODUCTION
The problems of evaporation-condensation were the subject of systematic inquiry during the last forty years. Well-known and explicable interest to these problems was combined with an aspiration for solving the fundamental problems of formation of flows with a discontinuity at boundaries that are phase transition interfaces. Beginning from the early works [1] [2] [3] [4] up to that appeared during the last years [5, 6] , the vast scope of knowledge was accumulated and a number of problems on flow formation and structure was solved. In spite of using for analysis the simplest hard sphere molecular model in most cases, general and important conclusions are stated. It is worth to note here the determination of feasible flow regimes by evaporation-condensation [7] [8] [9] and quantitative data on macroscopic boundary conditions (parameters jumps) on phase transition interfaces [5, [10] [11] [12] . One can restore the history of studies on references of above cited papers.
The aim of the present work is analysis of nonequilibrium processes in the Knudsen layer at condensing and evaporating surfaces. The analysis of these processes in the form of the presentation of the distribution function of molecular velocities (DFMV) or DFMV superposition is hampered by surveying of data with the information surplus. That is why the DFMV convolution in the form of temperature components on directions was chosen as the characteristic of nonequilibrium phenomena. The results of direct simulation by the Monte Carlo (DSMC) method of evaporation-condensation processes at the surfaces of canonical forms (flat surfaces, cylinder and sphere) were widely enlisted.
The inverted temperature gradient which is impossible by the fully condensing surface takes place at certain ratio of the vapor flux to be condensed and the contrary molecular vapor flux from the surface corresponding to the saturation pressure of vapor. This effect can be qualitatively explained on the basis of evaluations, using the comparison of terms of the Navier-Stokes equations for the flow and boundary jumps of density and temperature [15] . The essence of this phenomenon is explicitly exposed by DSMC modeling of the flow near the condensing surface. The structure of the flow in the case of condensation on the "black" or fully absorbing sphere and the sphere with finite saturation pressure was studied in [18] , Fig. 2 shows the radial distribution of the Mach number, the parallel Ty (along the flow), perpendicular T± (across the flow) and average T = (Ty + 2T±)/3 temperatures, normalized by the stagnation temperature.
The cases a, b, c correspond to the Knudsen numbers equal to 0.01; 0.1; 1 for the black sphere, and case d corresponds to Kn = 0.1 and (Poo -P w )/Pao = 0.5. Here P w and POD are saturation pressure and pressure at infinity. The perpendicular temperature in the Knudsen layer is noticeably higher than average and parallel ones. The increase of the average temperature downstream the flow at some distance from the surface (the inverted temperature gradient) is pronounced at Kn ~ 1. At the finite saturation pressure and Kn = I (case d) this effect becomes considerable. In both cases it happens in the zone with the temperature anisotropy. The only explanation of the inverted temperature for the case c is the formation of the elevated temperature of the shock type in consequence of the collision of the collapsing molecular flows at high Knudsen numbers. In the case of Kn = 0.1 this effect is forced by flow of evaporating molecules. The effect discovered in [18] is definitely pronounced in the nonequilibrium zone (with the temperature anisotropy). The data of [13] for flat surfaces are obtained for the region of Kn > 0.01. The interest arises to compare the extents of Knudsen layer zones and zones of localized inverted temperature gradient for flat parallel flow. Author and M. Yu. Plotnikov carried out this comparison using the DSMC modeling of the overcondensation between two parallel surfaces at P*/P a = 2 and Tj/T a = 1.05, 1.12, 1.13, 1.15, 1.5 for Kn a = 0.01. Kn a is determined on the molecular mean free path at parameters T a and P fl . Fig. 3 shows the data for iyr fl = 1.05 and 1.5: in Fig.3 , a and 3, b the distance between the surfaces is about five and one molecular mean free path, respectively. The obtained average temperatures far from the surfaces coincide with the data presented in [13] . The data in Fig. 3b close to the flat surface can be considered as qualitative ones. Nevertheless one can state the almost total absence of the Knudsen layer. So the inverted temperature gradient in the case of TiJT a = 1.05 stretches overall temperature boundary layer. The evolution of the temperature distributions in the regimes of transition to the inverted temperature gradient is shown in Fig. 4 . The Knudsen layer close to the point of temperature gradient inversion takes not more than two mean free paths. One can observe the origin of the inverted gradient by changing TiJT a from 1.12 to 1.15. The perpendicular temperature here unlike the case illustrated by Fig. 2 is lower then parallel one. At T a = const by changing Tj/T a from 1.15 to 1.12 the temperature gradient out of the Knudsen layer becomes inverted. In the Knudsen layer the average temperature just close to the surface has tendency to decrease that is not sensed by the computational solution of the Boltzmann equation [13] , One can state the smooth transition of temperature gradient from positive to negative. It is clear that at constant P a with the decreasing TiJT a the relative disturbance in the Knudsen layer, produced by encountering flows, increases due to decreasing the mass flux with the reduced temperature in the undisturbed region, and the inverted temperature gradient appears.
In the case of the overcondensation between flat surfaces at Kn -> 0 the vapor velocity can not exceed the sonic one. However, at Kn of the order of 0.01 and high value of P&/P a the flow velocity becomes supersonic far from the condensing surface, in the region of the continuum flow with the local maxwellian DFMV. One can find the illustration of this fact in [13] in the case Kn = 0.01, Pb/P a = 100 and Tb/T a = 2. It should be noted that in this situation the transition through the sonic velocity takes place at the uniform geometrical effect in consequence of the viscous forces action. One can state that such transition can be possible only at the specific boundary conditions. We'll touch upon this problem below. 
PROCESSES IN KNUDSEN LAYERS AND TRANSONIC ZONES OF RADIAL SOURCES
The steady expansion of the evaporated gas from cylindrical and spherical surfaces into low density background or vacuum is thoroughly investigated in [19, 20] in the frames of the Boltzmann equation solution using the approximations of Boltzmann-Krook-Welander and Bhatnager-Gross-Krook equations. The radial distribution of the macroscopic parameters is given in details for cylindrical source at Kn > 0.01 and for spherical one at Kn > 0.005. For both cases the asymptotic solutions at Kn -» 0 are obtained. For some cases the DFMV evolution is illustrated.
One of peculiarities of the evaporation from the surface of radial sources in the low-density background is the occurrence of strong gradients of parameters. It may cause the essential nonequilibrium in expanding flows. At Kn > 0.01 the nonequilibrium in radial flow and in the Knudsen layer of the evaporating gas can be overlapped. The radial distribution of parameters in such cases can be of interest in particular cases. To elaborate the general view on formation of radial vapor flows it is necessary to analyze the regimes with separated zones of nonequilibrium.
In our studies of radial flows the well-known DSMC method [21] was used. An important point is that when using this method no boundary condition problems arise. For the flow from cylindrical source [22] the relative departure of the radial component of temperature from the average one (T-T r )/Tin the transonic zone (M ~ 1) was calculated in dependence on the Knudsen number in the region at Kn > KT 4 (Fig. 5) . It immediately follows that at these conditions the entire supersonic region is nonequilibrium. The results of detailed calculations have shown that at Kn > 10~3 the nonequilibrium zones of expansion and the Knudsen layer are merged. Only for the case Kn < 10" 
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While the Knudsen number decreases the flow in the vicinity of a surface tends to the flow close to the flat surface. It is characterized by the relative fraction of molecules iji e returning back after evaporation according to the Hertz-Knudsen law and following collisions (Fig. 6 ). This value is essentially independent of the condensation coefficient a, accepted in the used model only for returning molecules. At Kn = 10~4 the value iji e approximates to its limit that is in agreement with data of other works [23, 24] ,
The radial location of the sonic surface (M = 1) as a number of mean free paths (r -r 0 )A, depending on the Knudsen number is shown in Fig. 7 . The obvious conclusion follows from this figure: at Kn < 10" 3 the sonic surface is located in the continuum flow with the local maxwellian DFMV: one can call this zone as <s Navier-Stokes region". In this important statement it is supposed that the Knudsen layer confines itself within the limits not more than 10 mean free paths. It follows both from our calculations and the data of other works for relatively weak geometrical effect on the length of the molecular mean free path.
The behavior of the macroscopic parameters in the subsonic zone of the flow from the cylindrical surface at Kn = 10" 4 is shown in Fig. 8. 1 is the Knudsen layer, 2 is the Navier-Stokes region, 3 is the zone of supersonic expansion. The temperature components on directions (T y , T r , T z ) and the average temperature T have qualitatively known dependencies at the wall T r < T< T z = T 9 . The right (downstream the flow) Knudsen layer boundary is determined by the value of the local Knudsen number Kn L = (k/P)/(dP/dr) -0.01. Here P is a macroscopic parameter. It should be noted here, as in the case described above by data of [13] , that at Kn > 10" 3 the transition through the sonic velocity takes place under the single directed geometrical effect. It contradicts to the statement of classical gas dynamics. But it is possible because of action of viscosity forces only at specific boundary conditions. In the result of computations [22] it was shown that the use of the Navier-Stokes equations is reasonable only at Kn < 10" 3 for the region with M> 1 with boundary conditions determined by kinetic analysis.
Nonequilibrium processes in Knudsen layers by evaporation from the sphere [25] qualitatively are not different from those described above for the cylinder. The quantitative difference is explainable. At the same Knudsen number in the region 10" 4 < Kn < I as the radial gradients of parameters are higher in the case of sphere, the relative fraction of returning molecules is less and the distance from the evaporating surface to the point with M = 1 is also less. In Fig. 9 the data characterizing the state of the gas on the surface with M = 1 in the range of the Knudsen number from 10" One more beneficial result of [25] , which is worth to mention, is the proof of computational experiment of the fact that the artificial prescription of the DFMV with arbitrary nonequilibrium for escaping of evaporated molecules in the frames of conservation laws does not influence in essential on the sizes of the zone of relaxation (sizes of the Knudsen layer).
THE KNUDSEN LAYER AT NON-STEADY EVAPORATION
It was shown in [26] that one can use the Knudsen criteria Knj, Kri2, Kn^ to describe the non-steady flow from a spot of limited sizes, evaporated, for example, by laser irradiation. The determining linear sizes are, respectively, the spot radius, the path of molecules with an average velocity in irradiation time, and the local linear scale on gradients of macroscopic parameters. It is obviously that at Kn\ -> 0 the flow will be always plane-parallel one. At Kn 2 -» 0 the one-dimensional flat parallel flow is realized in the vicinity of the surface. The Navier-Stokes region appears at Kn 2 < 0.002. The attainment of such Knudsen number Kn 2 is possible at very high laser irradiation. For example, in the case of a copper surface evaporated during 60 ns the irradiation intensity should be more than 10 6 W/cm 2 . At the instant of start of the evaporation into vacuum the Knudsen layer has unlimited sizes. During the evaporation the state of vapor near the surface tends to equilibrium in consequence of increasing a density and decreasing the local gradient of parameters on the length of the mean free path. In the limiting case when the Kn 2 -> 0 the usual viscous transonic zone forms as it is described above for the cylindrical surface. Than the flow in the zone with M > 1 at a low Knudsen number is governed by known laws of one-dimensional non-steady expansion of a gas into vacuum. At a sudden stop of the irradiation the generated layer of a vapor is scattering in the form of a cloud, as it is shown in Fig. 10 . Here the picture of isochores is presented in the moment after 5 exposure times of laser irradiation for the case Krii = 0.01, Kn 2 = 0.177. The scattering of the cloud is going with the growth of nonequilibrium in the vicinity of the surface. The formation of the Knudsen layer close to the surface, evaporating in the background with the given pressure, is traced in [7] , The evaluated from [7] conditions of appearance of the continuum flow region does not contradict to the conclusions of [26] at the Knudsen number determined by prescribed initial data.
CONCLUSION
The problem of evaporation and condensation in ID flows of monatomic gases without physical and chemical transformations, including the problem of inverted temperature gradient paradox, appears to date as worked out. The excellent illustration of the completion of general studies of this problem is the new paper of Sone and his colleagues [6] , devoted to the transonic flow in the vicinity of the point M = 1, where the regions of evaporation and condensation are brought to. The authors' address to very delicate field, concerning the fatal instability of phase transitions, connected with reverse of a flow. At the present time the necessity of the generalization of all data obtained in the traditional set of the problem has matured. It is important now for the practical engineering, taking into account that more than twenty years have passed since researchers began to "arrange" [27] about the definition of macroscopic boundary conditions.
The analysis of nonequilibrium processes in Knudsen layers of condensing and evaporating surfaces became visible by use of the DSMC method. It allows using macroscopic boundary conditions with sufficient grounds. The Knudsen layer close to the evaporating surface stretches for a few molecular mean free paths, number of which does not depend practically on gas state parameters. But it is subjected to the influence of gradients of parameters, which are conditioned by a flow geometry or current non-steady process of the flow formation. The nonequilibrium region of the flow in the vicinity of surfaces with limited sizes can be distinguished in the flows with a determining Knudsen number Kn < 10"
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. The presence of the Knudsen layer is of specific boundary conditions, which allow the transition through the velocity of sound due to the influence of viscous forces, when the geometrical effect has one direction. The inverted temperature gradient close to the condensing surface is the result of the elevation of temperature by collisions of opposite condensing and evaporating flows. It can be considered as a phenomenon in continuum flow, resulted from the shock disturbance in the Knudsen layer at some peculiar conditions of the overcondensation.
At the present time studies of evaporation and condensation with essential physical and chemical transformations and studies of processes when condensation coefficient depends on microscopic characteristics of molecular collisions with a surface present a vast field of future activity.
